Abstract-Light-induced degradation, quantum efficiencies, thickness uniformity, Raman spectra, and secondary ion microspectroscopy for a-Si:H/μc-Si:H films are analyzed for 2.2 m × 2.6 m thin-film solar modules that are produced in the manufacturing line. The results of the characterization and analyses are used to optimize parameters of the process and improve efficiencies of the devices. The average of the measured total area stabilized efficiencies for 779 modules with an area of 5.7 m 2 is higher than 9.2%. The I −V curve of a 5.7 m 2 module shows a stabilized conversion efficiency higher than 9.7%.
I. INTRODUCTION
T ANDEM solar cells [1] - [5] that are composed of amorphous silicon (a-Si:H) and microcrystalline silicon (μc-Si:H) solar cells have become more important in the thinfilm industry. Many organizations are now involved in producing large-area micromorph (a-Si:H/μc-Si:H) tandem thin-film modules, and the highest reported stabilized efficiencies for largesize modules are summarized in Table I . Note that all modules that are described in the table use glass that is covered with doped zinc oxide.
One of the major challenges in achieving high efficiencies in the device is the light-induced degradation (LID) [10] , which is controllable by minimizing a-Si:H layer thickness and maximizing the short-circuit current density of the device. Since the microcrystalline i-layer is deposited at a high power level, the quality of the microcrystalline i-layer can be affected by small amounts of impurities in the gas phase. The impurities in the gases must be controlled carefully for mass production. The uniformity of the film thickness and crystalline volume fraction has also become important as the deposition area becomes larger. A facility with an annual production capacity of 130 MW for micromorph (a-Si:H/μc-Si:H) tandem thin-film solar modules has entered production and has been used to optimize the module efficiencies. The objective of these studies is to produce panels at this facility and resolve the aforementioned issues to improve efficiency. A thorough analysis of the processed device characteristics was performed, which revealed potentially suboptimal parameters. These parameters were then adjusted accordingly until the results showed an improvement in the module efficiencies.
II. PROCESS
In this manufacturing process, a-Si:H and μc-Si:H thin films are deposited onto glass that is covered with tin oxide purchased in large quantities from commercial sources with a resistance of 11-14 Ω/sq. The transmittance for the low iron transparent conductive glass is 78.5% for wavelengths between 400 and 1000 nm. It should be noted that the glass that is covered with tin oxide is used in the process because 2.2 m × 2.6 m glass covered with doped zinc oxide is not available commercially at the present time. The back electrode uses an aluminum-doped zinc oxide (AZO)/silver film combination to enhance the reflection of incident light.
A 2.2 m × 2.6 m glass size and a radio frequency (RF) of 13.56 MHz are used in the plasma-enhanced chemical vapor deposition (PECVD) system for the deposition of the a-Si:H and μc-Si:H devices at an elevated temperature of approximately 200
• C. A-Si:H and μc-Si:H are deposited in separate PECVD systems. After a-Si:H deposition, the modules are transferred into the μc-Si:H PECVD system. One of the μc-Si:H PECVD systems that are fabricated by Applied Materials, Santa Clara, CA, is shown in Fig. 1 .
No interlayers (SOIR) [11] , [12] are applied between the a-Si:H and μc-Si:H cells. The modules can be cut into 1.1 m × 1.3 m pieces after laser-scribing the back electrode, or they can be processed in their full size. Polyvinyl butyral (PVB) is used in the autoclaves for the encapsulation of the laser-scribed module with a back glass.
III. RESULTS AND DISCUSSION
The quantum efficiencies (QEs) for the a-Si:H and μc-Si:H cells in the tandem device were measured to determine the generated photocurrents of the a-Si:H and μc-Si:H cells separately in the device. The thicknesses of the a-Si:H and μc-Si:H layers were then adjusted accordingly so that the currents of the a-Si:H and μc-Si:H cells matched one another. For each optimization, when the a-Si:H cell thickness is changed, the μc-Si:H cell thickness must be adjusted according to the currents that are measured in the QE versus wavelength curves, which are shown in Fig. 2 . Based on the scanning electron microscope image, the a-Si:H and μc-Si:H thicknesses are measured to be approximately 270 and 1700 nm, respectively.
The initial efficiencies of 1.1 m × 1.3 m and 2.2 m × 2.6 m modules from the production line were measured, and the stabilized efficiencies are obtained by subtracting the LID from the initial efficiency measurements. The LIDs for four modules were measured by TÜV Rheinland and are summarized in Table II . An average LID of 12.37%, which was tested under 1000 W/m 2 at 25 • C, was obtained. Given these results, an LID factor of 13% was used to obtain the stabilized efficiency at the beginning of the production. Recently, additional 1.1 m × 1.3 m samples, which have been optimized by adjusting thicknesses of the a-Si:H and μc-Si:H cells in the device, were sent to the Xiann Laboratory of Applied Materials, and the LIDs were measured to be below 12%. This is similar to 11.7% LID for the 10 cm × 10 cm a-Si:H and μc-Si:H mini modules reported by Oerlikon Solar [6] .
Secondary ion microspectroscopy (SIMS) measurements were carried out on the 400 nm thick microcrystalline i-layer. In this sample, a 20 nm thick layer of silicon nitride was deposited onto the glass before the microcrystalline i-layer to prevent contamination from the impurities of the glass. It is noted that the SIMS measurements of the whole cell may better represent the real impurity level and will be included in the future optimizations. The silane and hydrogen gases were purchased from Air Product without further purification in the system. The N 2 , H 2 O, and CH 4 impurities in the H 2 gas are equal to or less than 5, 1, and 3 ppm, respectively, as specified by the supplier. The actual impurity levels for N, O, and C in the microcrystalline i-layer are less than 5 × 10 18 atoms/cc. Since NF 3 gas was used in the production to remove the deposited silicon films in the chamber, the impurity level for F was also checked. The actual impurity level for F was 3.13 × 10 15 atoms/cc, indicating that the NF 3 gas was effectively removed. It is believed that the installation of gas purifiers in the system may be needed to further reduce the N 2 , H 2 O, and CH 4 impurities in the H 2 gas, which will thus reduce the impurity levels of N, O, and C in the microcrystalline i-layer resulting in an improvement in the module efficiencies. A typical SIMS measurement of the microcrystalline i-layer is shown in Fig. 3 .
A thickness uniformity measurement is taken at 126 points on a 2.2 m × 2.6 m module using an Argus H85 metrology tool. These results are summarized in Table III . The degree of nonuniformity of the film inside an area of 20 mm and 50 mm from the edge is found to be 16.69% and 12.81%, respectively. There are no apparent patterns in any directions within a module even with modules from the same deposition chamber. The nonuniformity may be caused by a combination of the nonuniform gas distribution, variations of RF power distribution in the discharge zone, and variations in distance between the substrate and that electrode. The results that are shown in Table III are not satisfactory and can still be improved by the optimization of these parameters. The Raman spectrum of the μc-Si:H i-layer was measured to determine the crystalline volume fraction. A typical Raman spectrum of the produced μc-Si:H i-layer is shown in Fig. 4 . The peak slightly lower than 520 cm −1 is the position of the transverse optical (TO) mode in the μc-Si:H [13] , and the broad peak at 480 cm −1 is the characteristic of the TO mode in a-Si:H [13] . These two peaks (I a and I c , respectively) are used to quantify the crystalline volume fraction of microcrystalline silicon. During the deposition of the μc-Si:H layer, uniform temperatures across the glass and uniform gas distribution are optimized for the uniformity of the crystalline volume fraction. Raman spectra that are measured at 62 points on a 2.2 m × 2.6 m module, as in Fig. 5 , show an average of 70% crystalline volume fraction with a variation of ±2%, which indicates that the crystalline volume fraction is quite uniform across the 2.2 m × 2.6 m module.
A sample distribution of the total area stabilized efficiency for 779 pieces of 2.2 m × 2.6 m modules is shown in Fig. 6 . The stabilized efficiencies in the graph were obtained by subtracting an LID of 12% from the initial efficiencies.
The average total area stabilized module efficiency is higher than 9.2% for a module area of 2.2 m × 2.6 m. Most of the modules fall within a range of 8.8-9.5%. The narrow range of the efficiency distribution in Fig. 6 indicates that the production is a mature process. The lower output of 12 modules circled in Fig. 6 is likely due to problems with the process such as glass breakage, laser line crossing, film peeling, or air bubbles in the PVB.
In addition, the current-voltage (I −V ) curve of a sample 2.2 m × 2.6 m module is shown in Fig. 7 . This module has a stabilized total area efficiency of 9.7%. 
IV. APPLICATIONS
Six thousand 5.7 m 2 modules with efficiencies higher than 9% have been installed in the Houtian desert, Nanchang, China. These tandem a-Si:H/μc-Si:H thin film modules generate 520 watts per module, totaling more than 3 MW, making it the largest 5.7 m 2 tandem thin film power station in the world. In addition to the a-Si:H/μc-Si:H thin film modules, there are 2 MW of crystalline silicon modules in this power station, increasing its total power capacity to 5 MW. This power station is shown in Fig. 8 . The annual electricity output is projected to be more than 5 million kWH, which is enough to power three neighboring villages.
In the Nanchang International Gymnastic Center, 10% semitransparent photovoltaic (PV) glass has been integrated with the building as a curtain wall. The PV glass totaled 1746 m 2 in area, and the stabilized efficiency of the semitransparent PV glass was 8%. The electricity from the PV glass is interconnected to the grid. For this project, the color of the curtain wall glass is essential to maintaining the architectural appearance. The silver color of the outer wall surface has been chosen along with the dark-colored glass to enhance the aesthetic appearance of the building, as shown in Fig. 9 .
An area of 200 m 2 with a 7.3% stabilized efficiency for 20% semitransparent PV glass has also been integrated as a curtain wall for the office building in the Houtian desert. An exterior view of the PV glass with the building is shown in Fig. 10(a) , and an interior perspective is shown in Fig. 10(b) .
In general, the 20% semitransparent PV glass allows more light to shine into the building than 10% semitransparent PV glass does; however, approximately 20% of the power output is sacrificed, leading to 10% less income when compared with that of the 10% semitransparent PV glass.
V. CONCLUSION
To minimize the a-Si:H thickness, QEs have been used to determine the relative thicknesses of μc-Si:H cells. In these studies, the LID is reduced to 12%. The SIMS results are used to identify the impurities in the solid state and subsequently eliminate the corresponding contamination in the feeding gases. The distribution of crystalline volume fraction shows a variation of ±2%, which is quite good. On the other hand, the nonuniformity of 20 mm from the edge is 16.69%, which still needs to be improved. Using these analyses and optimizations, the efficiencies of the modules are improved. The average total area stabilized module efficiency for production is shown to be higher than 9.2% for a module area of 2.2 m × 2.6 m. Since none of the high efficiency modules in Table I comprise glass that is covered with tin oxide, it is believed that a switch to glass covered with zinc oxide may improve the efficiencies of the modules. However, the optimizations of the parameters that are used in these studies still need to be continued to obtain a higher efficiency distribution. It is also shown that the modules from the production are being used in applications such as large-area power stations, rooftops, and building-integrated photovoltaics. This demonstrates that the large-area micromorph (a-Si:H/μc-Si:H) tandem thin-film modules can be manufactured in large quantities and can be widely used in the power and architectural industries.
